Constitutive vectors are useful tools for genetic engineering. Two constitutive vectors with high levels of expression and broad host ranges were developed and used in a range of Pseudomonas hosts. The vectors showed superior characteristics compared to the inducible vectors as well as the potential to be used as improved genetic tools for biocatalysis. E fficient bacterial strains (biocatalysts) have been developed for various biotechnological applications by genetic manipulations, such as heterologous expression of individual genes or gene clusters and reconstruction of metabolic networks, which has resulted in multiple catalytic capabilities not originally found in the wild-type ancestral strains (1-5). Such improvements often rely on vectors with various copy numbers, expression systems, and replicons, which have been developed to suit different situations (2, 6). The expression from many commonly used vectors is inducible, and in many applications, the dosage, toxicity, and costs of the inducer are problematic (7, 8, 9) . In contrast, constitutive promoters drive gene expression under inducer-free conditions and often show better characteristics than commonly used inducible promoters (2, 8, 10, 11, 12) . However, there is a lack of suitable constitutive promoters that function in a wide variety of biocatalytic bacteria, such as Pseudomonas.
fficient bacterial strains (biocatalysts) have been developed for various biotechnological applications by genetic manipulations, such as heterologous expression of individual genes or gene clusters and reconstruction of metabolic networks, which has resulted in multiple catalytic capabilities not originally found in the wild-type ancestral strains (1) (2) (3) (4) (5) . Such improvements often rely on vectors with various copy numbers, expression systems, and replicons, which have been developed to suit different situations (2, 6) . The expression from many commonly used vectors is inducible, and in many applications, the dosage, toxicity, and costs of the inducer are problematic (7, 8, 9) . In contrast, constitutive promoters drive gene expression under inducer-free conditions and often show better characteristics than commonly used inducible promoters (2, 8, 10, 11, 12) . However, there is a lack of suitable constitutive promoters that function in a wide variety of biocatalytic bacteria, such as Pseudomonas.
In this work, we used a P c promoter that is from the class III integron of Delftia acidovorans C17 for vector development (13) . Integrons are horizontal gene transfer elements that constitute a diverse family of genetic elements found in many microbes (13, 14) . A strong constitutive promoter is found in the 5=-terminal sequence of the integrase gene, which is responsible for the transcription of downstream cassettes (13, 14, 15) . Owing to the widespread existence of integrons, their promoters are likely to work in a wide range of bacterial species. The P c promoter was inserted into two broad-host-range vectors, namely, pMMB66EH (16) and pBSPIISK(Ϫ) (4), to construct two constitutive vectors named pMMPc (GenBank accession number KC544266) and pBSPPc (GenBank accession number KC544267), respectively ( Fig. 1 ; also, see Fig. S1 in the supplemental material).
In order to measure gene expression, we inserted bphC, encoding a dihydroxybiphenyl dioxygenase (BphC), to produce the vectors pMMPc-bphC and pBSPPc-bphC, respectively ( Fig. 1 ; also, see Table S1 in the supplemental material) (17) . This gene was from Pseudomonas putida B6-2, and its product catalyzes the conversion of catechol (colorless) to 2-hydroxy-6-oxohexa-2,4-dienoic acid (yellow) (17, 18) . The vectors pMMPc-bphC and pBSPPc-bphC were introduced into various Pseudomonas strains by electroporation (see the supplemental material) (19, 20) . Pseudomonas strains were chosen as the hosts for testing in this work because of their outstanding characteristics, such as the ability to tolerate and/or degrade organic compounds, simple nutritional requirements, and abundant hydrocarbon metabolic pathways, and their wide applications as biocatalysts (5, 21, 22, 23, 24) .
The strength of the P c promoter was investigated by comparing it to that of a strong inducible P tac promoter of pMMB66EH which had also been modified to contain bphC (pMMP tac -bphC) (16, 25) . Both pMMPc-bphC and pMMP tac -bphC were delivered into P. putida S12 by electroporation to produce P. putida S12/ pMMPc-bphC and P. putida S12/pMMP tac -bphC, respectively. The catechol reaction was assayed by the method of Asturias and Timmis with an Ultrospec 2100 pro UV/visible spectrophotometer (Amersham Bioscience, Kenilworth, NJ) at 375 nm (see the supplemental material) (18) . The results showed that the maximal BphC activity of P. putida S12/pMMPc-bphC was about 2-fold higher than that of P. putida S12/pMMP tac -bphC ( Fig. 2A and B) . It is notable that the cell density of P. putida S12/pMMPc-bphC was higher than that of P. putida S12/pMMP tac -bphC ( Fig. 2A and B), which suggests that IPTG (isopropyl-␤-D-thiogalactopyranoside) may be toxic to this Pseudomonas strain when used at 1 mM (7, 9) .
To further investigate the extent of expression, we compared the bphC mRNA levels from P. putida S12/pMMPc-bphC and P. putida S12/pMMP tac -bphC, by using reverse transcription quantitative PCR (see the supplemental material) (26) . The maximum mRNA yield from P. putida S12/pMMPc-bphC was approximately 1.5 times higher than that from P. putida S12/pMMP tacbphC see (Fig. S2 in the supplemental material) . Despite relatively large errors, we suggest that P c transcription levels are generally higher than P tac levels, given the variability of the reference (27, 28) .
In addition, the promoter P c of pMMPc-bphC was also replaced by the constitutive promoters P Gm and P Tet from gentamicin and tetracycline resistance cassettes to yield the vectors pMMP Gm -bphC and pMMP Tet -bphC, respectively (see Fig. S3 in the supplemental material). Comparison of BphC activities from P. putida S12/pMMPc-bphC, P. putida S12/pMMP Gm -bphC, and P. putida S12/pMMP Tet -bphC showed that P c expression was about 52.0-fold higher than that of P Gm and 2.9-fold higher than that of P Tet (Fig. 2A, C, and D) .
Vectors with broad host ranges are important because they are useful for genetic engineering of various bacteria (3). The vectors pMMB66EH and pBSPIISK(Ϫ) with the replicons RSF1010 and pRO1600 of pMMB66EH and pBSPIISK(Ϫ) have been verified to work in a wide range of bacteria (29, 30) . From Fig. 2A and from Fig. S4 in the supplemental material, we can confirm that the P c promoter from D. acidovorans C17, from which two new expression vectors were developed based on pMMB66EH and pBSPIISK(Ϫ), was functional in P. putida, Pseudomonas fluorescens, and Pseudomonas stutzeri hosts. These results suggest that the constructed vectors are broad-host-range vectors and can be used in other microbes. Future work involving transformation of other bacteria with these vectors will verify this speculation.
The ampicillin resistance gene of the pMMPc and pBSPPc vectors was replaced with the gentamicin resistance gene from the vector pUC18-mini-Tn7T-Gm (31) to generate pMMPc-Gm and pBSPPc-Gm, respectively (see Fig. S5 in the supplemental material). Since the ampicillin resistance gene is considered a weak marker, this change would make it possible for the vectors to work in various bacterial species. We also inserted the P c promoter into the suicide delivery vector pUC18-mini-Tn7T-Gm to produce the vector pUCTn7Pc, which allowed heterologous gene expression by insertion into the chromosome (see Fig. S6 in the supplemental material). The time course of gene expression was also studied by monitoring BphC activity. BphC activity was very low until the middle of the exponential phase of cell growth, increased from the middle of the exponential phase to the stationary phase, and then decreased ( Fig. 2A; also, see Fig. S4 in the supplemental material). Similar expression profiles have been reported to reduce the effects of heterologous expression on cell growth and have been helpful for gene expression (1) .
BphC activities among Pseudomonas transformants showed large differences. This might be due to the diverse gene expression caused by differing copy numbers of vectors (6, 32) . Previous research has also shown that the same vector may have diverse levels of gene expression in various hosts, which might also lead to these differences (33) . Biodesulfurization is an important alternative to chemical desulfurization (5, 34) . Dibenzothiophene (DBT) is considered a model compound for studies of biological desulfurization (5, 34) . Therefore, DBT desulfurization was carried out to investigate the application potential of the vectors. The desulfurization gene cluster dszABCD was amplified with the primer pair dsz.f (EcoRI)/ dsz.r (HindIII) and inserted into pMMPc to produce pMMPc-ABCD ( Fig. 1 ; also, see Table S2 in the supplemental material). The vectors pMMABCD (34) and pMMPc-ABCD were transferred into P. putida S12 by electroporation to produce P. putida S12/pMMABCD and P. putida S12/pMMPc-ABCD, respectively. The residual DBT was analyzed by high-performance liquid chromatography (Hewlett-Packard). The results indicate that P.
FIG 2
Comparison of BphC activities in P. putida S12 transformants. (A) P. putida S12/pMMPc-bphC; (B) P. putida S12/pMMP tac -bphC; (C) P. putida S12/pMMP Gm -bphC; (D) P. putida S12/pMMP Tet -bphC. OE, cell optical density at 600 nm (OD 600 ); , BphC activity. The transformants were grown in lysogeny broth (LB) medium. IPTG was added to the LB medium to a final concentration of 1 mM for culturing P. putida S12/pMMP tac -bphC. Data are means from three experiments performed in duplicate. Standard deviations were calculated using standard formulae.
putida S12/pMMPc-ABCD has an enhanced ability to degrade DBT (Fig. 3) . It consumed DBT completely in 15 h, which was 3 h less than the time required by P. putida S12/pMMABCD. Even in the initial 9-h period, P. putida S12/pMMPc-ABCD degraded 70.6% of DBT, whereas P. putida S12/pMMABCD degraded only 29.6%. This result shows that the constitutive vector was better than the IPTG-inducible one at driving the expression of multiple genes encoded by gene clusters.
2,3-Butanediol (BD) is a very useful platform chemical (35, 36) , and while some studies have used engineered bacteria for BD synthesis, to date, all the vectors used for these studies have been IPTG-inducible vectors (36) . IPTG is expensive and toxic (8); therefore, it has been suggested that BD should be produced under inducer-free conditions. To our knowledge, this study is the first to use a constitutive vector to engineer Pseudomonas for BD production. The BD synthetic gene cluster budABC was amplified with the primer pair budA.f (EcoRI)/budC.r (HindIII) and inserted into pMMPc and pMMB66EH to produce pMMPc-budABC and pMMP tac -budABC, respectively ( Fig. 1 ; also, see Table S2 in the supplemental material). The vectors were transferred into P. stutzeri SDM-LAC by electroporation to produce P. stutzeri SDM-LAC/pMMPc-budABC and P. stutzeri SDM-LAC/pMMP tac -budABC, respectively. BD concentration was examined by a gas chromatography system (Varian 3800; Varian, Palo Alto, CA). The result shows that the maximum amount of BD produced was 4.7 mM in 16 h by P. stutzeri SDM-LAC/ pMMPc-budABC, which was 2.8-fold higher than that of P. stutzeri SDM-LAC/pMMP tac -budABC in 20 h (see Fig. S7 in the supplemental material). This result also demonstrates the advantages of constitutive vectors in biocatalysis involving multiple genes.
In summary, two constitutive vectors with high expression strengths and broad host ranges were successfully developed. The constitutive vectors were superior for genetically engineering Pseudomonas species for biocatalysis, which indicates their excellent potential for applications. Given these features, these constitutive vectors would be useful tools in bacterial genetic engineering and may make catalytic processes convenient and cost-effective.
Nucleotide sequence accession numbers. The nucleotide sequences of pMMPc and pBSPPc have been submitted to GenBank under accession numbers KC544266 and KC544267, respectively.
